The in vitro fertilization (IVF) technique is becoming a very important approach for infertile disease therapy, but approximately 30% of pregnancies are spontaneously aborted in the first trimester. It is believed that chromosomal abnormality is the major reason for early spontaneous abortion. Although some reports have mentioned cytogenetic changes in spontaneously aborted embryos after IVF, little is known about the comprehensive cytogenetic alterations in these aborted embryos. Here we use the comparative genomic hybridization (CGH) technique to analyze the genetic alterations in 41 spontaneously aborted human specimens after IVF. In this study, 25 of 41 cases (61%) showed chromosomal changes. Among them, autosomes and sex chromosomes were involved in 16 and 11 cases, respectively. Several nonrandom chromosomal changes were identified, including loss of one sex chromosome (six cases) and gains of 22 (four cases), Y (four cases), 21 (three cases), 4 (two cases), and 13 (two cases). Our data support the opinion that chromosome abnormality is one of the major causes of early spontaneous abortion after IVF. The association between chromosome changes in these spontaneously aborted fetuses and maternal age, infertility patterns, infertility causes, and IVF patterns (routine IVF and other methods, including intracytoplasmic sperm injection, egg donation, and embryo donation) were also studied. No significant correlation was found.
INTRODUCTION
In vitro fertilization (IVF) is one of the most effective therapeutic approaches for infertile couples. However, approximately 24-30% of pregnancies achieved by IVF are spontaneously aborted [1, 2] , which is much higher than that by natural conception. The high incidence of spontaneous abortion not only decreases the actual successful rate of IVF but also adds emotional pressure as well as economic burden to the patients. For fertilization via natural conception, one of the major causes of spontaneous abortion is chromosomal abnormality. At least 50% of early spontaneously aborted fetuses by natural conceptions have 1 This work was supported in part by a grant (30030070) from the National Natural Science Fund of China and the Leung Kwok Tze Foundation. abnormal karyotypes [3] [4] [5] . However, only a few publications documented the cytogenetic investigations on aborted embryos after IVF, and the incidence of chromosomal abnormalities after IVF is 43-62% using conventional cytogenetic analysis [6, 7] .
Traditionally, the cytogenetic analysis in the aborted conceptus is performed by cell culturing, metaphase spread preparation, and conventional banding analyses. This method is time consuming and needs fresh tissue and tedious laboring. Furthermore, the result is prone to errors because of external contamination, culture failure, and selective growth of maternal cells [8] .
Comparative genomic hybridization (CGH) is an approach that analyzes the entire genome for regional variations of DNA sequence copy number in an experiment [9] . In CGH, equal amounts of total genomic DNA from a test sample and normal control tissue are labeled with green or red fluorochromes and simultaneously hybridized to normal metaphase chromosomes. After hybridization, the fluorescence ratio between test tissue and normal DNA along each reference chromosome is measured and analyzed. This technique can rapidly detect the imbalanced chromosomes, such as deletion (chromosome loss) and duplication (chromosome gain).
Most chromosomal abnormalities in aborted fetuses are numerical rather than balanced structural ones [10] , making CGH an ideal technique for quickly screening the entire genome for chromosomal changes. The successful application of CGH on clinical evaluation of abortive tissues by natural pregnancy has been reported [11] [12] [13] [14] [15] [16] . These experiments demonstrated that CGH is an effective and reliable method to detect chromosomal abnormalities in aborted samples. However, the utilization of CGH to study the genetic alterations in spontaneously aborted embryos after IVF has not been reported to date. In this study, CGH was applied to investigate the chromosome abnormalities in aborted embryos after IVF.
MATERIALS AND METHODS

Tissue Sample Collection and DNA Extraction
A total of 41 early aborted embryos (aborted before 8 wk gestation) were collected from patients who accepted IVF treatment in the Infertility and Genetic Clinic of Zhong-Xin and Xiang-Ya Hospitals between January 2000 and November 2002. The couples who sent their aborted samples were excluded from chromosomal abnormality by conventional cytogenetic analysis. Informed consent was obtained from the couples, and this project was approved by the Ethical Committee of Central South University and conducted in accordance with Central South University guidelines for the use of human samples.
Under a stereomicroscope, maternal decidua, mucus, and blood clots were dissected away from all samples. The chorionic villi were then separated carefully, and genomic DNA was extracted from these chorionic villi specimens by proteinase K/sodium dodecyl sulfate digestion followed by phenol/chloroform/isoamyl and alcohol extraction. Normal reference DNA was prepared from peripheral blood lymphocytes of healthy donors.
Comparative Genomic Hybridization
The CGH detection was performed as in our previous report [17] . Briefly, metaphase cells were prepared according to standard procedures from peripheral blood lymphocytes from a healthy male donor. Genomic DNA from chorionic villi of the aborted embryos and normal reference DNA were labeled with Spectrum Green-dUTP and Spectrum Red-dUTP (Vysis, Downers Grove, IL), respectively, by nick translation. The reaction was performed for 2 h at 15ЊC, and labeled probes were then purified by ethanol precipitation. Two hundred nanograms of each labeled probe were used in a 10 l hybridization mixture (containing 55% formamide, 2ϫ SSC solution, and 10 g human Cot I DNA), which was denatured at 75ЊC for 5 min. Hybridization was then carried out by denaturing the slide in 70% formamide, 2ϫ SSC solution at 75ЊC for 4 min, and then hybridized with probes at 37ЊC in a moist chamber for 72 h. The slide was then washed in 0.4ϫ SSC solution/0.3% NP-40 at 75ЊC for 2 min and then in 2ϫ SSC solution/0.1% NP-40 at room temperature for 2 min. After washing, the slide was counterstained with 1 mg/ml DAPI in an antifade solution.
Digital Image Analysis
The hybridized metaphase chromosomes were analyzed using a digital image analysis system containing a Zeiss Axioplan 2 microscope equipped with a Metachrome II cooled-charged device camera (Zeiss, Oberkochen, Germany). Three images of each metaphase cell were captured using filter wheel-mounted, single-band excitation rhodamine, FITC, and DAPI filters. The image analysis was carried out using the Quips CGH program (Vysis). Five metaphase cells were analyzed to generate fluorescence ratio profiles in each case. Interpretation of the profiles was performed according to the program guidelines. The thresholds used for interpretation of gains and losses of a DNA sequence copy number were defined as a test/reference ratio of 1:2 or 0:8, respectively, with both the standard and the reverse hybridization methods. Heterochromatic regions near the centromeres of chromosomes 1, 9, and 16; the q arm of the Y chromosome; and the satellite regions of the acrocentric chromosomes were not considered in our interpretation of the CGH profile analysis because these regions are polymorphic and are largely suppressed by the Cot-1 DNA.
Statistic Analysis
The relationship between clinical features (maternal age, infertile pattern, infertile cause, and IVF pattern) and chromosomal aberrations of the fetuses was analyzed using Pearson chi-square test. The difference is considered statistically significant if the P value is less than 0.05.
RESULTS
The age of female partners ranged from 23 to 44 years old, and they suffered from primary infertility (infertility without any previous pregnancy) or secondary infertility (pregnant in the past but could not conceive for over 1 yr) for at least 12 mo. They had no spontaneous abortion history. Female partners sought IVF therapy for blocked fallopian tubes, pelvic adhesions, severe endometriosis, or lower-quality and lower-quantity eggs. Male partners had obstructive azoospermia, low sperm count, or low motility. Otherwise, the cause of infertility was unknown. The female partner's age, infertility patterns, infertility causes, and IVF patterns are summarized in Table 1 .
Comparative genomic hybridization analysis was carried out on 41 uncultured chorionic villi specimens, and the results are summarized in Table 1 . Chromosomal imbalance was detected in 25 of 41 cases (61%). Among these abnormal cases, 16 involved autosomes, and 11 showed sex chromosome aberrations. Three cases had two chromosomal abnormalities. The most frequently detected autosome gain was for chromosomes 22, 21, 13 and 4. The gain of chromosomes 14, 16, 17, and 19 was also detected (one case each). Chromosome loss was most frequently detected in the X chromosome. The karyotype might be 45, X (five cases, 12.2%). Figure 1A shows a CGH profile of a gain of 22 chromosomes, and Figure 1B shows a loss of sex chromosomes. In Figure 1 , n represents the number of chromosomes analyzed.
The association between clinical features and chromosomal alterations in aborted specimens was also investigated, and the results are summarized in Table 2 . No statistically significant association was found between chromosomal alteration in aborted fetuses and their mother's age (above or below 35 yr old), infertile patterns (primary and secondary infertility), infertile causes (maternal blocked fallopian tubes or pelvic adhesions and other causes), and IVF patterns.
DISCUSSION
It is well known that the incidence of first-trimester abortion is much higher following IVF treatment than in natural pregnancy. There are many reasons for this spontaneous abortion, including chromosome abnormalities, maternal age [18] , medical illness, intrauterine adhesion, infections, and immunological, endocrine, and psychological factors. Among these, chromosome abnormality is believed to be the most common etiological factors behind spontaneous abortion and may account for up to 50% of miscarriages.
Compared with the natural pregnancy, we know little about the cytogenetic information in the aborted embryos achieved by IVF. It is important to know the mechanism for the spontaneous abortion after IVF. Based on the cytogenetic findings, the physician could select the further treatment scheme, and the patients might have their anxiety decreased and continue to accept the therapy with confidence. Moreover, cytogenetic analysis of the spontaneously aborted tissue can effectively prohibit the mother from giving birth to a trisomic infant, which increases risk about 1% in subsequent trisomic conceptus [19] .
Conventional cytogenetic analysis on aborted materials includes tissue sampling, cell culturing, metaphase spread preparation, and karyotype analyses. Other than that full process is tedious, laborious, and time consuming, the method has other disadvantages that are difficult to overcome. Culture failure due to fixation, contamination, and intrauterine death after tissue sampling is the major problem. However, the CGH technique overcomes these technical limitations.
In the present study, CGH was applied to detect numerical chromosome abnormalities in 41 spontaneously aborted fetuses after IVF treatment. Twenty-five samples (61%) had chromosome abnormalities. The incidence of chromosome abnormalities is similar to that in the natural aborted fetuses reported by Ohno et al. [4] . The most frequent abnormality was X monosomy and then the gains of chromosomes 22, 21, and 13 and then chromosome 4. These results show that, just like in spontaneously aborted fetuses in natural pregnancy, chromosome abnormality is the main cause of early spontaneous abortion following IVF and that X monosomy and trisomies 21, 22, and 13 are the most frequently detected abnormalities. Compared with the previous report on natural pregnancy, in our study the gain of chromosome 16 is not as common as of chromosomes 22, 21, and 13, and the abnormality rate of chromosome 4 is higher than that of 16, which might be specific in the IVF population and need more evidence.
We did not find that the frequency of trisomy was associated with increasing maternal age as was reported in natural pregnancies [20, 21] , probably because of limited samples. Interestingly, chromosomal abnormalities in the spontaneous abortion from IVF were not significantly associated with infertility patterns or disease patterns that led to infertility and IVF patterns. This implies that these fac-tors probably have no effects on the chromosome nondisjunction in meiosis.
In this study, we found that aneuploidy of chromosomes X, 22, 21, 13, and 4 was the most frequent change and was detected in almost half the spontaneously aborted embryos. Therefore, probes of these chromosomes can be used to preclude the embryos with abnormal chromosomes, and this may greatly decrease the possibility of spontaneous abortion in IVF and improve the success rate of IVF treatment.
